Stable neuropsychological deficits may provide a reliable basis for identifying etiological subtypes of schizophrenia. The aim of this study was to identify clusters of individuals with schizophrenia based on dimensions of neuropsychological performance, and to characterize their neural correlates. We acquired neuropsychological data as well as structural and functional magnetic resonance imaging from 129 patients with schizophrenia and 165 healthy controls. We derived
Introduction
Despite recent advances in our understanding of the pathophysiology of schizophrenia, the heterogeneity of the illness limits the effectiveness of clinical and biological research to elucidate causes of the disorder. The extraordinary variability of clinical symptoms and cognitive deficits within schizophrenia likely reflects different etiological factors at play. Such variability impedes the search for underlying neurobiological mechanisms of the disorder. Phenotype refinement through classifying individuals into more homogeneous subgroups has been a successful approach in complex disorders such as Parkinson's disease (Dekker et al., 2003) and familial Alzheimer disease (Scott et al., 2003) , and it could be a fruitful means of gaining insight into specific and causal pathological processes in schizophrenia.
To address the problem of heterogeneity in schizophrenia, various attempts have been made to define subtypes based on clinical characteristics. About a century ago, Kraepelin defined nine different forms of dementia praecox and Bleuler, who introduced the term "schizophrenia", spoke of multiple "schizophrenias". This tradition was continued by Leonhard (1999) , by Schneider (1959) and more recently by Crow (1985) and Carpenter (1988) , who described schizophrenia subtypes (or groups of symptoms) based on various clinical characteristics.
Although there is a long tradition of using clinical features to define subtypes of schizophrenia, this approach has been criticized repeatedly (Andreasen et al., 1997; Goldberg and Weinberger, 1995) because of a lack of strong theoretical background and the relative absence of neurobiological correlates (Berrios, 1985; Sommers, 1985; Tandon and Greden, 1991; Peralta et al., 1995) as well as the temporal instability of clinical symptoms and their corresponding subtypes. In particular, psychotic symptoms and disorganization have been observed to be highly variable across time (Arndt et al., 1995) . Marneros et al. (1992) found that subtypes defined according to four different diagnostic systems (among them DSM-III-R and ICD-10) were markedly unstable and patients frequently changed between subgroups within a 5-year period.
A central aspect of schizophrenia is marked cognitive impairment that is evident across domains measured by standard neuropsychological tests. Meta-analyses have demonstrated that cognitive measures reliably distinguish a majority of schizophrenia patients from healthy controls (Heinrichs and Zakzanis, 1998; Heinrichs, 2005) . In addition, cognitive deficits are regarded as the single strongest correlate of real world functioning (Green, 1996) . In contrast to the aforementioned clinical characteristics, cognitive and executive functioning has been shown to be remarkably stable over time (Hoff et al., 1999; Heaton et al., 2001) , with similar deficits observed during the first episode of psychosis and through the chronic course of the disorder (Sponheim et al., 2010) . Furthermore, deficits in multiple cognitive domains seem to predate the onset of clinical symptoms (Lencz et al., 2006; Seidman et al., 2010) , and a review over 65 studies (Torrey, 2002) confirmed that neuropsychological impairments are also observable in medication-naïve patients.
Given the trait-like characteristics of cognitive deficits in schizophrenia, they have been used by researchers as intermediate phenotypes in genetic studies (Egan et al., 2001; Bertisch et al., 2010) and seem to be reasonable candidates for delineating clusters of patients with separable cognitive profiles. The study of how subsets of individuals with schizophrenia may cluster together in their pattern of cognitive deficits has identified plausible subtypes of dysfunction. Despite differences in the choice of underlying neuropsychological test, several authors reported four-cluster solutions (Goldstein and Shemansky, 1995; Sautter et al., 1995; Goldstein et al., 1998; Seaton et al., 1999; Allen et al., 2000; Hill et al., 2002) beside an unifactorial solution (Keefe et al., 2006) . Goldstein compared two cluster-analytic approaches in the same relatively large sampleone based on an abstraction battery and another one based on a variety of cognitive abilities. Although different sets of cognitive measures for classification were used, both analyses resulted in four-cluster solutions with strikingly similar characteristics. In a more recent study, Hill et al. (2002) administered a more comprehensive neuropsychological battery, including multiple measures of memory, attention, language, and sensory performance. As with previous studies, cluster analysis identified four neurocognitive clusters. Of note, the identified cognitive clusters of schizophrenia patients did have common elements across studies. First, a cluster of patients with relatively intact cognitive functioning was evident across studies (e.g., second cluster in Goldstein et al., 1998) . Second, a cluster of patients with impairment in generalized cognitive functioning was also identified in each of the studies (e.g., fourth cluster in Goldstein and Shemansky, 1995) . Third, studies tended to yield a cluster of patients showing impaired motor function as well as poor verbal memory performance (e.g., fourth cluster in Seaton et al., 1999) . Finally, although there was some variation, investigations tended to identify a cluster of patients with deficits in nonverbal skills and abstraction/attention/executive functions (e.g., fourth cluster in Hill et al., 2002) .
Additionally, studies have provided preliminary evidence supporting the longitudinal stability of cognitive clusters (Heinrichs and Awad, 1993; Heinrichs et al., 1997) . Nevertheless, no studies have attempted to validate the identified cognitive clusters in schizophrenia with brain-based correlates by relating subtypes to possible forms of pathophysiology.
Cognitive deficits have been repeatedly associated with reductions of grey matter density and volumes of frontal and temporal lobe structures commonly found in schizophrenia patients (for a review, see Antonova et al., 2004) . Due to the putative pathogenetic neurodevelopmental mechanisms proposed to underlie schizophrenia (Weinberger, 1987; Rapoport et al., 2005) cortical thickness may be of even greater etiologic relevance than grey matter volume or density. Cortical thickness measures have been shown to be heritable (Goghari et al., 2007; Gogtay et al., 2007; Goldman et al., 2009; Winkler et al., 2010) , suggesting that this aspect of cortical anatomy may represent a reliable intermediate phenotype for schizophrenia (Gottesman and Gould, 2003) . Furthermore family studies using structural magnetic resonance imaging (sMRI) studies indicate that, at least for genetic imaging studies, cortical thickness and surface area should be considered separately (while volume is a combination of thickness and surface parameters) since they have different genetic determinants (Panizzon et al., 2009; Winkler et al., 2010) . In line with previous work, we recently reported marked reductions of cortical thickness in patients with schizophrenia, as well as circumscribed associations between cortical thickness and cognitive deficits (Hartberg et al., 2010; Ehrlich et al., (2012a) ).
Similarly, relationships between cognitive deficits and aberrant neural activity have been documented. Due to the well-replicated deficits in working memory functioning in schizophrenia, this aspect of cognitive dysfunction has attracted particular attention. In contrast to matched healthy controls, schizophrenia patients were shown to recruit more neural resources in prefrontal and parietal brain regions (hyperactivity) at low levels of task difficulty but decreased neural activity (hypoactivity) when task difficulty increased (Manoach et al., 1999; Callicott et al., 2003; Karlsgodt et al., 2007; Potkin et al., 2009) . This pattern (which is based on an inverted U-shaped relationship between BOLD response and task difficulty that is shifted in schizophrenia compared with healthy controls) has been termed "neural inefficiency" (Manoach et al., 1999) .
Given the evidence for cognitive clusters in schizophrenia and the likely relationships between cognitive deficits and aspects of neural anatomy and function, the aim of this study was to identify clusters of schizophrenia based on their neuropsychological performance and to characterize their structural and functional neural correlates.
Methods

Participants
The Mind Clinical Imaging Consortium (MCIC) study of schizophrenia (Ehrlich et al., 2010; White et al., 2011; Gollub et al., 2013) obtained structural and functional MRI scans on a total of 378 subjects from four participating sites: Massachusetts General Hospital in Boston (MGH) and the Universities of Iowa (UI), Minnesota (UMN) and New Mexico (UNM). After complete description of the study to the participants, written informed consent was obtained. The institutional review boards (IRBs) at each of the four sites approved the study protocol. The patient group included subjects with a DSM-IV diagnosis of schizophrenia, established through administration of structured clinical interviews and review of case files by trained clinicians (see Section 2.2). Healthy controls were included if they had no history of a medical or Axis I psychiatric diagnosis. For further information, e.g,. regarding exclusion criteria, see Supplementary Materials (SM) 1.1. and Ehrlich et al. (2012a) . The final sample with complete and acceptable sMRI scans comprised 165 healthy controls and 129 patients. Complete functional MRI (fMRI) data were available for 155 healthy controls and 118 patients. For quality assurance procedures, see below and Sponheim et al. (2010) .
Clinical measures
All study participants underwent an extensive clinical diagnostic assessment that included either a Structured Clinical Interview for DSM disorders (SCID-I/P or NP) (First et al., 2002) or the Comprehensive Assessment of Symptoms and History (CASH (Andreasen et al., 1992) ). Severity of positive and negative symptoms was rated using the Scale for the Assessment of Negative Symptoms (SANS) (Andreasen, 1983) and the Scale for the Assessment of Positive Symptoms (SAPS) (Andreasen, 1984) . Depressive symptoms were measured with the Calgary Depression Scale for Schizophrenia (CDS) (Addington et al., 1992) . Premorbid cognitive achievement was estimated based on the Wide Range Achievement Test (WRAT3 (Wilkinson, 1993) ). Parental socioeconomic status (SES) was determined using the Hollingshead index (Hollingshead, 1965) . Handedness was measured using the Annett Scale of Hand Preference (Annett, 1970) . For further information regarding clinical measures and antipsychotic exposure, see SM 1.2.
Extrapyramidal symptoms were evaluated using the Simpson-Angus Scale (SAS) (Simpson and Angus, 1970 ) and the Barnes Akathisia Scale (BAS) (Barnes, 1989) .
Neuropsychological measures
For the neuropsychological assessment, instruments were chosen to sample a wide range of functions (for details, see Sponheim et al., 2010) . For the current analysis, we chose 18 scales representative of key cognitive functions which are thought to be affected in patients with schizophrenia. See Table 1 for a detailed overview of the 18 scales. The neuropsychological measurements were obtained for all patients and 138 of 165 healthy controls.
Functional imaging task
Participants performed a version of the Sternberg item recognition paradigm (SIRP) (Sternberg, 1969) . Stimuli were presented during fMRI, and responses were collected using E-prime software (EPrime v1.1, Psychology Software Tools, Inc., Pittsburgh, PA). The paradigm was administered during six 46-s blocks per run for two 360-s runs. In each block, a memory set, composed of one (load 1), three (load 3), or five (load 5) digits, was presented (two blocks per load condition). The encode phase was followed by a presentation of 14 digits, one at a time (the probe phase) and participants responded to each probe to indicate whether or not the probe digit was in the memory set. The subjects were instructed to respond as quickly and accurately as possible. (For additional details about the paradigm, see Ehrlich et al., 2012b.) 
Structural and functional image acquisition and data processing
Structural MRI data were acquired with either a 1.5T Siemens Sonata (UNM, MGH, UI) or a 3T Siemens Trio (UMN). Also, functional MRI data were acquired with either a 1.5T Siemens Sonata (UNM) or a 3T Siemens Trio (UI, MGH, UMN). For details on image acquisition, see SM Table 1 . Structural MRI data from three consecutive volumes were registered, motion corrected, averaged and analyzed in an automated manner with the atlasbased FreeSurfer software suite (http://surfer.nmr.mgh.harvard.edu, Version 4.0.1 for preprocessing and Version 5.0.0 for statistical analysis). This process included volumetric segmentation and cortical surface reconstruction. Functional images were processed using the FBIRN Image Processing Stream (FIPS), a pipeline using the FMRIB Software Library of FSL. A Functional Imaging Linear Model (FILM (Woolrich et al., 2001 ) was fit to model the Probe phases of each subject's preprocessed functional time series. Based on the extensive literature on working memory deficits in schizophrenia (Goldman-Rakic, 1994; Rapoport et al., 2005) , we used a linear Contrast of Parameter Estimate (COPE) specified as load 5 versus load 1. Here we refer to responses to this contrast as "load-dependent" activation. For details on image processing, see SM 1.3.
Statistical analyses
Neuropsychological data of all schizophrenia patients were subjected to principal component analyses (PCAs) followed by varimax rotation, an approach that has been frequently used in schizophrenia research (Nuechterlein et al., 2004) . Before analysis, distributions of all neuropsychological variables were examined for extreme skewness and kurtosis. To improve distributional properties, a base 10 logarithmic transformation was performed on the working memory index from the SIRP and the item discrimination index from the HVLT reflective of false positives during item recognition. Eight principal components (PCs) were extracted, which together summarized 85% of the overall variance after rotation (22%, 13%, 11%, 9%, 9%, 8%, 7%, and 6%). The scree plot depicted an elbow at the 7 th component; however, eight components were selected because they better conformed to previously identified dimensions of cognitive functions in schizophrenia (for a review, see Nuechterlein et al., 2004) . Neuropsychological indices with absolute PC loadings greater than 0.5 indicated that the first ("Verbal Episodic Memory"), second ("General Intellectual Function"), third ("Face Episodic Memory"), fourth ("Processing Speed"), and sixth ("Working Memory") agreed with cognitive factors identified by Nuechterlein (2004) . The fifth PC had a -0.89 absolute loading of Grooved Pegboard time to completion with 0.52 loadings of Block Design and Benton Visual Retention Test scores and was thus interpreted as representing "Fine Motor Control". The seventh PC only had a -0.9 loading of false positives from the recognition portion of the Hopkins Verbal Learning Test and was thus called "Signal Detection". The eighth component had a 0.8 loading of the FAS subtest and was identified as "Fluency". The additional fifth, seventh, and eighth PCs are likely due to the inclusion of indices not typically considered in other factor-analytic studies, while the absence of the "Problem Solving" factor resulted because such a task was not incorporated in the present work. See SM Table 2 for PC loadings of the eight-PC structure.
PC scores for the schizophrenia patients on the eight cognitive domains were subsequently processed with a k-means cluster analysis using the Hartigan-Wong algorithm (Hartigan and Wong, 1979) . Since there is evidence supporting the existence of four distinct neuropsychological clusters of schizophrenia (Hill et al., 2002) , we selected k=4 and obtained clusters with sizes of N=38, 26, 21, and 44, which we refer to as cognitive clusters of schizophrenia.
Vertex-wise analyses of cortical thickness over the entire cortex were performed with FreeSurfer using surface-based registration methods and a Gaussian smoothing kernel with a full-width-at-half-maximum of 10 mm. Because of known confounding effects and in line with similar studies, we included age, gender and scanner field-strength into the general linear models as control variables (Kuperberg et al., 2003; Narr et al., 2005 Narr et al., , 2007 Walhovd et al., 2006; Goldman et al., 2009; Schultz et al., 2010) . All cortical thickness results were corrected for multiple comparisons using a Monte-Carlo simulation. For further details on thickness analyses, see SM 1.5.
Higher level mixed effect analyses of the fMRI data were carried out using FSL. We created Z-statistic images of the contrasts between schizophrenia clusters and between each schizophrenia cluster and healthy controls. The underlying model was controlled for the effects of age and scanner field-strength. Z-statistic images were thresholded using a z-value of 2.3 and a p-value of 0.001 (Worsley, 2001) . For additional information, see SM 1.5.
Results
Schizophrenia clusters
The clusters of individuals with schizophrenia ( Fig. 1 and SM Fig. 1 ) derived from k-means analyses had the following neuropsychological profiles: Cluster 1 showed diminished verbal fluency with signs of impaired processing speed. Cluster 2 was characterized by diminished verbal episodic memory with poor fine motor control and signal detection. The third cluster exhibited impaired face episodic memory and slowed processing speed, but above average verbal fluency for individuals with schizophrenia. Cluster 4 was characterized by a deficit in general intellectual function. For an overview of the original neuropsychological test scores of patients and healthy controls, refer to SM Table 4 and the description in Sponheim et al. (2010) . The demographics and illness-related parameters of the schizophrenia clusters and healthy controls are displayed in Tables 2 and 3 . The four schizophrenia clusters differed in relatively few variables: length of illness (cluster 4 < cluster 2), positive symptoms (clusters 3 and 4 > cluster 1), WRAT3 (clusters 1 and 3 > cluster 4) and years of education (clusters 1 and 3 > cluster 4). Cluster 1 thus appears to have fewer positive symptoms, shorter illness duration, and more education. Cluster 2 tends to be of a longer length of illness. Cluster 3 consists of individuals who have more education, and what appears to be a later onset of disorder and a tendency toward more depressive symptoms. Cluster 4 consists of patients who have a shorter duration of illness, less education, and lower estimated premorbid cognitive function. For an overview of the association between neuropsychological components and the clinical variables, see SM Table 5 .
Structural neural correlates of schizophrenia clusters
When we compared schizophrenia patients with distinct neuropsychological profiles to healthy controls, we found a significant decrease in cortical thickness in patients of cluster 1 in the supramarginal gyrus that includes portions of Wernicke's area (Brodmann Area 40, Fig. 1A ). We observed no effects on cortical thickness in cluster 2. However, because cluster 2 was defined by marked verbal memory deficits, we investigated possible differences in hippocampal volumes. A regression analysis controlling for scanner field strength, sex, age and intra-cranial volume revealed differences between cluster 2 and healthy controls in right-hemispheric hippocampal volume [b = -0.172, t(184) = -2.81, p = 0.005] (Fig. 1B) . Cluster 3 was characterized by cortical thinning in the lingual gyrus and face areas of the occipital lobe (Fig. 1C) . Moreover, there were reductions of cortical thickness in the left superior frontal, rostral anterior cingulate and middle temporal gyrus (Fig. 1C) . Patients of cluster 4 were characterized by widespread reductions of cortical thickness across both hemispheres (Fig. 1D) . Furthermore, schizophrenia cluster 4 had significantly decreased cortical thickness in the right precentral area (Fig. 2 ) when compared with cluster 1, while the remaining between-cluster differences in cortical thickness were not statistically significant.
Functional neural correlates of schizophrenia clusters
A comparison of working memory-elicited neural activity of the schizophrenia subgroups with healthy controls yielded significant findings for clusters 3 and 4 (Table 4 ). Patients of cluster 3 showed increased neural activity in the right planum temporale, while cluster 4 was characterized by an increased neural activity in the parietal operculum cortex, right planum temporale, and right precuneus cortex. Furthermore, the following between-cluster differences were found: Patients of cluster 4 showed increased activation in the left precentral gyrus extending to Broca's area and the insula when compared with cluster 1 as well as when compared with cluster 2 (Table 4 and SM Fig. 2 ).
Discussion
The present findings provide evidence that schizophrenia patients can be categorized into cognitive clusters that are meaningfully related to grey matter structures of the brain. We used an array of neuropsychological data and a cluster analysis technique to form schizophrenia clusters with distinct neuropsychological profiles. The cognitive clusters were generally consistent with neuropsychologically-defined clusters of individuals identified by other investigators and thus were considered as a possible means by which to characterize heterogeneity within the psychopathology of schizophrenia. Measures of brain structure and function provided external validation of the cognitive clusters.
An important question is whether the neuropsychological differences between the clusters were driven by variations in demographics or other external illness-related variables. Iatrogenic effects such as influences of medication may provoke new symptoms (e.g., extrapyramidal symptoms) or modify existing ones (e.g. anhedonia). However, our careful analyses showed no significant differences regarding most demographics or variables reflective of medical treatment. Most notably, there were no differences in antipsychotic medication, extrapyramidal or negative/ depressive symptoms. The lower level of education and reduced premorbid IQ in the cluster 4 may simply indicate a more severe prodrome that interfered with educational achievement. Such differences have been repeatedly described in previous reports using cognitive data and cluster analytic techniques (Heinrichs et al., 1997; Seaton et al., 1999) . Cluster 4 is also characterized by a shorter duration of illness and increased positive symptoms, which could be indicators for active psychosis. In sum, findings of the present study provide evidence for schizophrenia being composed of subtypes of individuals with differing aspects of psychopathology (i.e., heterogeneity) that are not the result of demographic characteristics or iatrogenic influences of treatment such as antipsychotic medication. We will now briefly discuss the four different clusters in more detail:
Cluster 1, characterized by low verbal fluency and slowed processing speed, had diminished cortical thickness in the Wernicke's area and reduced working memory-elicited neural activity in the Broca's area, which are regions associated with forms of aphasia (Broca, 1861; Wernicke, 1874) . Cortical thickness is assumed to reflect the arrangement and density of neural and glial cells, synaptic spines as well as passing axons (Parent and Carpenter, 1995; Garey, 2010) . Postmortem studies in patients with schizophrenia showed reduced neural size and a decrease in interneural neuropil, dendritic trees, cortical afferents and synaptic spines (Harrison, 1999; Selemon and Goldman-Rakic, 1999; Garey, 2010) , while no reduction in the number of neurons or signs of gliosis could be demonstrated (Selemon and Goldman-Rakic, 1999; Thune et al., 2001) . Relationships between cortical grey matter in Brocas's/Wernicke's areas and verbal fluency have been shown in healthy controls as well as in patients with progressive aphasia (Sapolsky et al., 2010; Porter et al., 2011) . Furthermore, structural and functional brain abnormalities in Broca's and Wernicke's area are widely replicated findings in studies of schizophrenia. For example, a quantitative post mortem study in schizophrenia patients showed reduced interhemispheric asymmetry of the Sylvian fissure (Falkai et al., 1992) , and during verbal fluency tasks, Frith (1995) and Weiss (2006) found abnormal neural activity in the superior temporal cortex and Broca's area in schizophrenia patients, respectively. The absence of differences between cluster 1 patients and healthy controls in the fMRI domain in our study may be due the nature of the working memory task used here.
Cluster 2 was defined by diminished verbal memory and poor motor control. We found that patients of this cluster had reduced working memory-elicited neural activity in the left precentral gyrus extending to Broca's area and insula and a pronounced reduction of righthemispheric hippocampal volume. The fMRI finding could be related to the impaired motor functioning in this subgroup, whereas the reduced hippocampus volume might be related to the episodic memory deficits. Larger hippocampal volumes have been associated with higher memory performance (Gur et al., 2000) . Additionally, the worse signal detection in cluster 2 is reflective of a greater number of misidentifications of new items as old during episodic memory testing. In addition to memory related processes, the hippocampus has also been linked to the modulation of sensorimotor processes concerning control of motor responses to sensory stimuli (Giménez-Llort et al., 2002; Bast and Feldon, 2003; Zornoza et al., 2005) . Both reductions of verbal memory functioning (Censits et al., 1997) and impaired fine motor control are prominent characteristics of schizophrenia patients (Sullivan et al., 1996) , and the reduction of the hippocampal volume is one of the most consistent structural trait found in schizophrenia patients (Honea et al., 2005; Ehrlich et al., 2010) and in firstdegree relatives of schizophrenia patients (Gur et al., 2000; O'Driscoll et al., 2001; Seidman et al., 2002) .
Cluster 3 was characterized by poor face memory, slowed processing and poor signal detection. Our imaging analysis revealed that cluster 3 had cortical thinning in the lingual gyrus and adjacent areas (fusiform and occipital face areas) as well as in the superior frontal, rostral anterior cingulated and middle temporal gyrus. Interestingly, the temporal regions also showed aberrant activation pattern (increased neural responses) in this cluster during a working-memory task. The fusiform gyrus and occipital face areas are thought to be relevant for different forms of face perception (Mesulam, 1998; Rotshtein et al., 2007; Rhodes et al., 2009) . Schizophrenia has long been associated with impaired face processing (Yoo et al., 2005; Anilkumar et al., 2008; Chen et al., 2008) , and this neuropsychological deficit has even been observed in individuals at high risk for psychosis (Kim et al., 2010) . Similarly, several previous studies have shown grey matter abnormalities in the lingual and fusiform gyrus as well as occipital face areas of schizophrenia patients (McDonald et al., 2000; Lee et al., 2002; Onitsuka et al., 2003; Schultz et al., 2010) .
Cluster 4 was characterized by a deficit in general cognitive function as measured by tests with high loadings (>0.70) on general intellectual functioning (Sattler, 2001; Kaufman and Lichtenberger, 2005) . Accordingly patients in this cluster were characterized by generalized cortical thinning. Cluster 4 patients were also found to have high positive symptoms, low education and low premorbid cognitive functioning. The widespread thinning may be consistent with a generalized cortical pathology that develops premorbidly, limits educational attainment and premorbid cognitive function, and eventually leads to higher expression of psychotic symptoms. Somewhat in line with that, Allen et al. (2000) reported that schizophrenia patients of a cluster with severely impaired cognitive functioning had greater bilateral sulcal widening on CT scans. Patients of cluster 4 also showed increased working-memory elicited neural activity in several working memory-related areas. This finding can be interpreted as a generalized tendency for the individuals with the greatest cortical atrophy to inefficiently activate neural structures during a relatively easy task. Manoach et al. (1999) was one of the first groups reporting prefrontal inefficiency in schizophrenia patients during working memory processing. A possible explanation for this common finding includes a deficit in automation, i.e. a subgroup of patients may fail to automate cognitive tasks, which in turn leads to decreased efficiency.
Despite a growing body of literature supporting the existence of cognitive subtypes of schizophrenia (Heinrichs and Awad, 1993; Insel et al., 2010) and promising neuroimaging findings from the present study, the issue of whether schizophrenia reflects a continuum of severity or a number of discrete subtypes remains to be settled. The partitioning of individuals with schizophrenia into separable subtypes perhaps reflecting distinct etiologic mechanisms and neurocognitive profiles holds potential for advancing our understanding of the genetics of schizophrenia (Jablensky, 2006) . In the present study, we used a principal component analysis before applying the cluster analyses in order to reduce intercorrelation among the neuropsychological variables (Jolliffe, 2002; Sacco et al., 2012) . Thus, it suggests that our clusters are based on separable cognitive performance dimensions. Our approach allowed us to map variance associated with separable cognitive impairments onto neural structures and function. Before definitive conclusions can be made, cross-validation and replication of both the neurocognitive clusters and their relation to brain phenotypes is necessary.
Limitations and conclusion
Our study is potentially limited by the fact that different acquisition sites (and MR scanners) contributed neuroimaging data. However, cross-site calibration of the acquisition sequences for each scanner (as well as the investigation of reliability, potential site and scanner differences) was carried out prior to this study (Jovicich et al., 2009 (Jovicich et al., , 2006 and the results were used to optimize the MRI scanning protocols. These cross-site calibration fMRI data revealed that activation indices varied more by individual than by scan site. Following a similar procedure as Walton et al. (2013) we included scanner field strength as a covariate into our analysis. Another potential limitation is related to a previous observation suggesting that neurocognitive clusters of schizophrenia patients may differ depending on the applied neuropsychological assessments (Goldstein et al., 1998) . Further studies are needed to determine whether the identified subtypes remain stable over time and/or have different disease courses.
Taken together, data from the present study support the hypothesis that schizophrenia is a heterogeneous disorder and that variation across individuals does not simply reflect a range of impairment. Measures of cognitive function appear to provide a method for deriving clusters meaningfully related to brain structure and function that may be more stable than the symptom-based definitions of subtypes. Because the present study identified brain-based neural correlates of the cognitive clusters, the proposed groups of individuals with schizophrenia carry notable external validity. If replicated, the use of these clusters could facilitate research in molecular psychiatry and the identification of more specific therapeutic interventions.
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Highlights
• Cluster analysis was applied to factorized data of neuropsychological performance
• Four schizophrenia clusters based on distinct cognitive profiles were identified Structural differences between schizophrenia clusters. The cortical statistical map displays regions of reduced thickness (indicated by blue color) in the right hemisphere of schizophrenia patients of cluster 4 compared to cluster 1. CWP-values (corrected for multiple comparisons) are represented according to the color code and are all < 0.05. (Sternberg, 1969) Geisler et al. Page 23 Table 2 Demographics. Demographic characteristics for clusters of schizophrenia patients defined through cognitive variables, the entire schizophrenia sample, and healthy control participants. One-way ANOVAs indicated no significant differences between the four clusters of schizophrenia patients or between the clusters of schizophrenia patients and healthy controls in sex, age, handedness, parental SES (socioeconomic status), and scanner field strength during sMRI acquisition. (a, b, c, w, x, y = p<0.005 and d, e, v, z = p<0.05) . The distribution of subjects across clusters and sites for structural and functional imaging acquisition is shown in SM Table 3 .
Geisler et al. Page 24 Table 3 Clinical parameters of schizophrenia clusters. One-way ANOVA analysis indicated no significant differences between schizophrenia clusters in negative symptoms, disorganized symptoms, depression, extrapyramidal symptoms, akathisia, and antipsychotic medication. Table 4 Differences in working memory-elicited neural activity between the four schizophrenia clusters and healthy controls (HC) and between schizophrenia clusters. Coordinates of local maxima of the differences are given in MNI space. 
